SUMMARY A progression of univariate followed by multivariate analyses was applied to 46 variables selected from the clinical examination, exercise test, coronary arteriography, and quantitative angiographic assessment of left ventricular function in patients with coronary disease to determine those variables most predictive of survival. For the 733 medically treated patients, the final Cox's regression analysis showed that the left ventricular ejection fraction was most predictive of survival, followed by age, number of vessels with stenosis(es) .70%, and ventricular arrhythmia on the resting electrocardiogram. For the 1870 surgically treated patients, ventricular arrhythmia on the resting electrocardiogram was most predictive of survival followed by ejection fraction, heart murmur, left main coronary artery stenosis .50%, and use of diuretic agents. 
IDENTIFICATION OF VARIABLES PREDIC-TIVE OF SURVIVAL or mortality in patients with coronary disease is important not only to identify patients at high risk for special attention, but also to assist in design and assessment of clinical trials (particularly nonrandomized) of therapeutic interventions such as coronary artery surgery and d-blocking agents. Many studies have been published identifying variables predictive of survival from the clinical examination, the resting electrocardiogram, the exercise electrocardiogram, the coronary arteriogram, and qualitative assessment of left ventricular function. These The goal of the analyses was to determine which variables were independently predictive of survival and from which predictive models could be developed.
This was done in a stepwise manner, beginning first with the identification of 46 variables of potential predictive value, based on previous studies and clinical experience. These 46 variables were then screened using univariate statistical methods followed by multivariate screening, in which variables identified as univariately predictive of survival were entered into stepwise, linear, discriminant analyses based on survival at 2 years.9 The interval of 2 years was selected because discriminant analysis requires all patients to be followed for a minimum, fixed period of time; most CIRCULATION patients in this study had been followed 2 years or more. Finally, variables identified as multivariately discriminating between survivors and nonsurvivors at 2 years were then entered into Cox's regression model for survival analysis'0 to determine variables predictive of survival over the entire follow-up period. A stepwise algorithm was used to select the most important covariates.
Two techniques of univariate screening were used. First, the significance of the difference of means of continuous variables (t test) or distribution of dichotomous variables (chi square test or Fisher's exact text) between survivors and nonsurvivors in both the medical and surgical cohorts was calculated. Second, mortality rates were calculated for subgroups of the medical and surgical cohorts defined by specified values or categories of each variable. Bonferroni's inequality was used to construct simultaneous 95% confidence intervals for these exponential rates." A variable was defined as univariately predictive of survival if the 95% simultaneous confidence intervals for any of the categories of that variable did not overlap.
The stepwise, discriminant analyses used cardiac death within 2 years as the event of interest and were performed initially in blocks using those variables which were univariately predictive of survival. The blocks of variables were defined to relate to increasing complexity of patient evaluation: first, the routine clinical evaluation including history, physical examination, chest roentgenogram, and resting electrocardiogram (18 variables); then the exercise stress test (8 variables); and finally, the cardiac catheterization (9 variables). The final stepwise, discriminant analysis included all variables which were at least marginally predictive of survival within each block (F . 2.7). Because exercise testing was performed on only 38% of the surgical cohort and 75% of the medical cohort, the fi1nal stepwise, discriminant analyses were performed both with and without the exercise stress test variables.
The variables which were least marginally predictive of survival at 2 years in the final stepwise, discriminant analysis were entered into another stepwise selection method using Cox's regression model for survival analysis. This is both an analogue of multiple linear regression analysis and an exponential model designed for survival data which uses the variable amounts of follow-up available. The stepwise selection method for Cox's model used maximum likelihood principles, choosing the variable in each step which maximized the likelihood function and terminating when the increase in likelihood caused by the addition of another variable to the model was not significant at a = 0.05 (based on X21 = -2 log likelihood ratio).
Finally, to illustrate the effect of these variables on survival, 3-year survival probabilities (Pr) were calculated using the Cox model according to the equation Pr = Fo(t)e 0i(xl -xl) + 2(X2-x2) +O.P. a((XP x (1) where F0(t) is the probability of survival to time t with all variables set equal to their mean and ,B is a measure of the predictive value of the independent variables. Further discussion of the use of this model is given by Breslow. 12, 1 Results The results of the two types of univariate screening, given in table 2, indicate that 35 of the 46 variables were univariately predictive of survival for the medical cohort or the surgical cohort or both. The remaining 11 variables which were not predictive of survival by these univariate tests are: unstable angina, risk factor index, resting ST-segment elevation, left ventricular ischemia, exertional hypotension, chest pain during exercise testing, exertional ST-segment depression, exertional ST-segment elevation, feasibility index, stroke volume, and cardiac output; these variables were excluded from further analysis. The 35 variables univariately predictive of survival were then divided into three groups: those from the clinical examination, those from the exercise test, and those from cardiac catheterization. Further screening was performed using stepwise, 'discriminant analysis. The results of these discriminant analyses are given in table 3.
For the 18 variables from the clinical examination which were univariately predictive of survival (table  2) , a stepwise, discriminant analysis indicated that nine variables for the medical cohort and five for the surgical cohort were potentially predictive of survival (F . 2.7, table 3). Cardiac enlargement, ventricular arrhythmia, age, and use of diuretics demonstrated the strongest relationships with 2-year cardiac mortality in the medical cohort. In the surgical cohort, ventricular arrhythmia and congestive heart failure demonstrated the strongest relationship with 2-year cardiac mortality.
Of the eight exercise test variables univariately predictive of survival (table 2), four were selected by the stepwise, discriminant analysis (table 3 ). In the medical cohort, the maximum pressure-rate product was by far the most important variable. In the surgical cohort, only two variables were selected from the preoperative exercise test -maximal change in heart rate and total duration of exercise. Neither demonstrated a very strong relationship with 2-year cardiac mortality.
From the nine variables obtained at cardiac catheterization which were univariately predictive of survival (table 2), four were selected by the stepwise, discriminant analysis (table 3). In the medical cohort, a strong relationship was demonstrated between endsystolic volume and cardiac death within 2 years. In fact, the relationship was so strong (F = 63.9), that no other variables added a significant contribution to prediction of cardiac death within 2 years. In the surgical cohort, ejection fraction, presence of stenosis greater than 50% in the left main coronary artery, and left ventricular contraction grade were the most important variables.
The variables selected in each category by stepwise, discriminant analyses (table 3) were then years which were of borderline significance and, therefore, were included in further analyses. The exercise variables were excluded from this analysis and the subsequent Cox's regression analysis because these data were available in only 38% of the surgical cohort and 75% of the medical cohort. When this stepwise, discriminant analysis included the exercise variables, increase in heart rate with maximal exertion was predictive of cardiac death within 2 years (F = 13.2, increase in R2 = 0.036) in the 311 medically treated patients in whom these data were available. No exercise variables were predictive of cardiac death within 2 years in the 335 surgically treated patients with these data available. Use of diuretics 5.38 Abbreviation: N = number of patients used in each Cox's regression analysis. For the subsequent analyses, the decision was made to reintroduce the variable indicating the number of coronary vessels with at least a 70% stenosis. This decision was based on the fact that this variable is usually considered one of the most important predictors of mortality in coronary disease patients, even though it did not demonstrate a relationship with 2-year mortality as strong as other variables in the preceding discriminant analysis. This subjective judgment of the possible importance of this variable, despite the initial screening out by the discriminant analyses, turned out to be correct, since the number of vessels with .70% stenosis was one of four variables finally selected by Cox's regression analysis as most predictive of survival in the medical cohort.
The results of the final variable selection procedure using Cox's survival regression model9 are given in table 5. Although end-systolic volume had previously demonstrated a very strong relationship with survival in the medical cohort, it was not selected as being significant in the Cox's regression analysis because ejection fraction demonstrated a stronger relationship when all follow-up data were used. Ejection fraction and end-systolic volume are highly correlated, so that once the variable having the strongest relationship with survival is selected, the amount of additional information contributed by the other is not statistically significant. Table 6 shows estimated 3-year-survival probabilities calculated according to equation (1) for medically treated patients with coronary disease for three discrete values of ejection fraction and age, number of vessels with stenosis >70%, and presence or absence of ventricular arrhythmia. These variables define more than 18-fold differences in 3-year probability of death, from 0.03 for a 40-year-old patient with ejection fraction of 0.60, single-vessel disease, and no ventricular arrhythmia on resting electrocardiogram, to 0.55 for a 60-year-old patient with ejection fraction of 0.30, three-vessel disease, and ventricular arrhythmia on resting electrocardiogram. Table 7 shows similar estimated 3-year survival probabilities for surgically treated patients calculated for three discrete values of ejection fraction and the dichotomous variables: ventricular arrhythmia on resting electrocardiogram, diuretic usage, heart murmur, and left main coronary artery stenosis >50%. These variables define a similar 18-fold spread in 3-year probability of death, from 0.04 in a patient with an ejection fraction of 0.60 and the other four variables absent, to 0.74 in a patient with an ejection fraction of 0.30 and the other four variables present.
Discussion
This study was designed to identify variables predictive of survival from the clinical tools commonly used by the cardiologist in the evaluation of the symptomatic patient with coronary disease. In medically treated patients, ejection fraction was most predictive The results of any analysis of this type are influenced by the type of patients studied. All patients included here presented themselves to a cardiologist and had coronary arteriography, almost always for evaluation and treatment of chest pain. Patients were selected by their physicians for medical or surgical therapy on the basis of clinical criteria then in common use. Our previous analysis showed that the medically treated cohort differed from the surgically treated cohort in a number of important variables.4
Exercise Test Data
When the exercise variables are examined, the hemodynamic response to exercise and duration of exercise are clearly predictive of survival, while exertional ST-segment depression does not contribute additional information predictive of survival when considered together with these other exercise variables in patients with known coronary disease. Similar findings have been reported by Bruce et al. in another group of Seattle Heart Watch patients." The hemodynamic response to exercise (blood pressure and pulse) is probably in large part a reflection of the functional status of the left ventricle,"4 again confirming the finding of this report that left ventricular function is the most important predictor of survival in coronary disease patients. However, in patients undergoing catheterization with arteriography and quantitative angiography, the exercise test variables do not appear to contribute greatly to prediction of prognosis in addition to the clinical and catheterization variables. It variables), 4) a stepwise, discriminant analysis performed on all the statistically significant variables from the previous step (10 variables), and 5) Cox's regression analysis (seven variables). It was not feasible to enter all possible variables at steps 4 or 5 because the computer programs could not handle large numbers of variables simultaneously and because of the expense of multiple runs of these complex programs adding one variable at a time. We do not imply that the seven variables finally selected (table 5) are necessarily unique solutions to the question; another progression or technique of statistical analyses might result in a somewhat different list of variables, particularly for those variables at the low range of statistical significance. However, ejection fraction, ventricular arrhythmia, and age (or other closely related variables, such as end-systolic volume) appear to be so relevant to survival that any sound multivariate technique would select them.
Other Studies
We are aware of only one other report of multivariate. analyses relating both clinical and catheterization variables to survival.2 Although quantitative angiographic estimates of left ventricular function were not available in this report, heart size on the plain chest film and a history of congestive heart failure symptoms were two of the first three predictive variables on discriminant function analysis. These data indicating the prognostic importance of left ventricular function are compatible with ours.
Other The prime importance of variables related to left ventricular function as predictors of survival suggests several corollaries relevant to the current controversy about the effect of coronary surgery on survival. First, since left ventricular function measured at rest is the most important predictor of survival in the medical cohort, and since poor left ventricular function is associated with high operative and early medical mortality, and since left ventricular function at rest is not improved by revascularization,'6 one would not anticipate significantly improved survival from surgical therapy in patients with severe left ventricular dysfunction (e.g., ejection fraction <0.30). The similar overall poor survival of medical and surgical patients with severe left ventricular dysfunction4' 17 seems to corroborate this point.
Second, patients with normal left ventricular function will have good early survival (several years) regardless of the extent of their coronary disease (with the possible exception of patients with severe left main coronary artery stenosis). Thus, short term studies4' 18 comparing survival of medically and surgically treated patients cannot be expected to show differences in survival. Follow-ups of 5 years or more may be necessary to obtain definitive answers. However, if myocardial revascularization prevents myocardial infarction or development of left ventricular dysfunction, then this group of patients ultimately has the most to gain from surgery.
Finally, as appears to be the case, short-term studies (2-3 years) would be most likely to show significant effects on survival by revascularization in patients with moderate impairment of survival and left ventricular function. In our previous report of nonrandomized patients analyzed by extent of coronary disease and ejection fraction, the subgroup with twovessel disease and moderate impairment of left ventricular function (ejection fraction = 0.31-0.50) showed the most significant difference in survival between medical and surgical therapy.4 Similarly, the VA Cooperative Study on Stable Angina shows a trend toward improved survival in surgically treated patients with three-vessel disease and abnormal left ventricular function (patients with heart failure or severe impairment of left ventricular function were excluded). '9 The number of significantly diseased coronary vessels was a predictive variable in the medical cohort, but not the surgical cohort. Since the surgical cohort had a larger number of vessels with stenosis(es) .70% per patient (2.07) than the medical cohort (1.72), the absence of this variable as a predictor of survival in the surgical cohort suggests that it has been successfully altered by surgery.
The presence or absence of ventricular arrhythmia on the resting electrocardiogram was a significant predictor in both the medical cohort and the surgical cohort. It is encouraging to note that the prognostic significance of this variable was in addition to variables relevant to left ventricular function or extent of coronary disease. Thus, suppression of ventricular arrhythmias by antiarrhythmic drugs has a possible potential for altering survival and underscores the need for controlled trials on the effect of antiarrhythmic therapy on late survival. We had available only a crude assessment of ventricular arrhythmia (presence or absence on resting electrocardiogram). More sophisticated detection by ambulatory monitoring or exercise testing would probably enhance the prognostic significance of this variable.
Three of the five variables predictive of survival in the surgical cohort probably relate to left ventricular function either directly or indirectly: ejection fraction, heart murmur, and use of diuretics. The relationship with ejection fraction and use of diuretics to left ventricular function is relatively clear. While the presence of a heart murmur in the general population probably does not relate to left ventricular function, in patients with coronary artery disease it usually means mitral regurgitation secondary to papillary muscle dysfunction. This condition is frequently associated with extensive myocardial damage. Nevertheless, heart murmur predicts survival independent of ejection fraction, suggesting that the presence of mitral regurgitation is an ominous finding regardless of ejection fraction.
An important use of this data is in the identification of cohorts of patients with similar baseline survival characteristics or in the multivariate correction of differences in survival characteristics of two cohorts of patients. In the following report, we use these variables to analyze the effect of surgical revascularization on survival in nonrandomized cohorts of medically and surgically treated coronary disease patients.
